Abstract This paper presents a scenario-based study that investigates the interaction between sea-level rise and land subsidence on the storm tides induced fluvial flooding in the Huangpu river floodplain. Two projections of relative sea level rise (RSLR) were presented (2030 and 2050). Water level projections at the gauging stations for different return periods were generated using a simplified algebraic summation of the eustatic sea-level rise, land subsidence and storm tide level. Frequency analysis with relative sea level rise taken into account shows that land subsidence contributes to the majority of the RSLR (between 60 % and 70 %). Furthermore, a 1D/2D coupled flood inundation model (FloodMap) was used to predict the river flow and flood inundation, after calibration using the August 1997 flood event. Numerical simulation with projected RSLR suggests that, the combined impact of eustatic sea-level rise and land subsidence would be a significantly reduced flood return period for a given water level, thus effective degradation of the current flood defences. In the absence of adaptation measures, storm flooding will cause up to 40 % more inundation, particularly in the upstream of the river.
Introduction
The Intergovernmental Panel on Climate Change (IPCC) has reported that sea level rise significantly affected the natural environment and human society in the coastal zones (IPCC 2001 (IPCC , 2007a . During the past 2,000 years, based on a collection of geological data, global sea level was found to have been rising steadily with an estimated rate of 0-0.2 mm/year (IPCC 2007a, b) . The reconstruction of tide-gauge record provided further evidence that global sea level appears to have risen faster during the mid-19th centuries to 20th centuries, reaching an average rate of 1.8± 0.5 mm/year from 1963 to 2003 (IPCC 2007a . Satellite altimeters (Topex/Poseidon, since 1992; Jason, since 2001) show that global mean sea level has increased with a rate of over 3 mm/year during the recent decades, reaching an average rate of 3.1±0.7 mm/year from 1993 to 2003, particularly in the western Pacific region (Harvey and Nicholls 2008) . In the future, climate change due to enhanced greenhouse effect is very likely to continue to accelerate the rate of sealevel rise (Hulme et al. 2002) .
In response to global warming, recent climatic research also indicates a likelihood of increased intensity (e.g. mean maximum wind speed) of tropical cyclone (IPCC 2012 ) and extreme high tide over the East Asia region (IPCC 2007a, b) . Storms with strong winds and low atmospheric pressure can produce large wave heights and storm surges . If the storm surge coincides with the astronomical high tide, superposition of the surge peak and tidal peak, an extreme storm tide may be generated. Moreover, many coastal cities have experienced significant long-term land subsidence which is mainly caused by human activities, especially in the delta regions. Ongoing land subsidence amplifies sea level rise, which in turn increases water level by providing an elevated base for a storm tide to build upon, thereby potentially increasing coastal or tidal flooding. The combined effect of these three phenomena, which form a hazard chain, may lead to the permanent inundation of lowlying areas, inland extension of episodic flooding from the sea and rivers in deltas, increased beach erosion, and saline intrusion (IPCC 2001 (IPCC , 2007a Cooper et al. 2008) .
Some studies have discussed the individual, coupled or combined impacts of sea level rise, land subsidence, and storm tide on coastal flooding (Karim and Mimura 2008; Marfai and King 2008) . However, less attention has been paid to the numerical simulations of the combined effect of all three phenomena on tidal river flooding at the city scale. Most previous estimates of sea level rise focused on the global means Hanson et al. 2011; Lonsdale et al. 2008) , and local factors are typically excluded from these analyses. Moreover, the flood analysis techniques used in most studies are based on geomorphological analysis and/or empirical models with arbitrary assumption that the areas below the projected elevations will be inundated. There are certain limitations associated with such approaches, including the difficulty of accounting for connectivity and negligence of flood dynamics. Therefore, the accuracy of simulated flood information remains limited. In addition, the impact of climate change on tidal river flooding has not been thoroughly studied, except in the Thames Estuary (Lonsdale et al. 2008 ) and very few other tidal rivers. Shanghai has a typical plain tidal river network (Huangpu river system), and it is physically and socio-economically vulnerable to tidal river flooding due to its location in the path of tropical cyclones, low elevation, relatively-flat topography, rapid changes in sea level and land subsidence, highly developed economy and high density population . Hanson et al. (2011) has demonstrated that Shanghai has a higher population and economic exposure to climate change induced extreme water level risks than most other cities. Therefore, there is an urgent need to investigate the risks of tidal related fluvial flooding and associated damage under climate change scenarios in the area. In this paper, the localized predictions are used for the projections of sea level rise, land subsidence and storm surge for Huangpu river basin by using a high-resolution hydraulic model.
The main objective of this study is to quantitatively examine the interaction between sealevel rise, land subsidence and storm tides on the fluvial flooding in Shanghai. Combining the existing projections of estuary sea level rise and land subsidence, relative sea level rises (RSLR) were produced for the 2030 and 2050. Flood frequency analysis was then undertaken to derive water level predictions for different return periods. A 1D/2D coupled flood inundation model (FloodMap) was then employed to predict the flooding dynamics and the results are analyzed in Geographical Information Systems (GIS) to extract detailed storm tide induced flood information. The rest of this article is organized as follows: Section 2 introduces the study area; Section 3 presents the variability in sea level rise, land subsidence, and storm tides; Section 4 describes the methods of inundation modelling; potential impacts of RSLR and conclusions are presented in Sections 5 and 6 respectively.
Study area
Shanghai is the largest economic city in China and it is one of the world's 15 largest cities lying along a coastline or on estuaries (Tralli et al. 2005 ). The city is surrounded on three sides by the East China Sea, the Yangtze River Estuary, and Hangzhou Bay, bordering with the Jiangsu and Zhejiang provinces, with its center located at 31.14°N and 121.29°E (Fig. 1) . The Shanghai metropolitan area can be separated into two regions: a mainland portion, which includes the city center, and the Yangtze River estuary islands. It has a population of 23.47 million (2011), living in an area of 6,340 km 2 . Occupying part of the alluvial plain of the Yangtze River Delta, Shanghai lies generally on very flat and low-lying land, with the exception of some hills to its west. Altitude is on average about 4 m above the Wusong Datum, sloping east to the west. Moreover, Shanghai experiences a northern subtropical monsoon climate, with an annual rainfall of 1,122 mm and an annual average temperature of 15.8°C.
Huangpu River, which is a typical tidal river with a semidiurnal tide, passes through the city center. The average tidal amplitude of the river estuary system ranges from 0.69 to 5.87 m and averages at 2.31 m. A main stretch of the Huangpu River is chosen as the study area which extends around 75 km from the upstream Mishidu gauging station to the downstream Wusong gauging station (Fig. 1) . Most of the study area is below the high tide level, among which most of the city center is even lower than the mean sea level. Moreover, tidal waves move fast and propagate a large distance up the river because of the large opening at the estuary and the small resistance to flow. Therefore, it is one of the major flood-prone areas in Shanghai and China. In history, it had been heavily affected by flooding on a number of occasions. For example, almost half of the Shanghai city center was submerged with 17 deaths during the catastrophic flood event of August 1962. To protect against flooding, flood walls have been built since the 1950s. This has since been reinforced and upgraded, resulting in most of the study area along the Huangpu River being protected by 511 km flood walls. 294 km of those floodwalls, representing approximately 58 % of the total, mostly in urban area, can defend a 1000-year flood (based on the frequency analysis undertaken in 1984), while 217 km or 42 % of those floodwalls, largely in rural areas, are designed to withstand a 50-year flooding.
3 Variability in sea level rise, land subsidence, and storm tides 3.1 Variability of the storm tidal levels Fluvial flooding in the Huangpu River floodplain is typically caused by high tides during storm surge associated with tropical cyclones. Tropical cyclones (including typhoon), which generally occur between June and October are the key storm events that affect Shanghai and its adjacent areas. These events can generate storm surge, which is the water level exceeding the predicted tide, due to low atmospheric pressure and strong winds. If a storm surge coincides with an astronomical tide, defined as the regular change of water levels caused by the gravitational attraction of the moon and sun, a storm tide will be generated.
Gauging station records along the Huangpu River indicate that the annual maximum water levels are largely induced and driven by storm surges or storm tides (see Supplementary Online Resource 1). For example, the highest water level in record was caused by the combined effect of local high tides and storm surges arising from the Typhoon Winnie in 1997 (marked with the Typhoon number 9711 in Supplementary Online Resource 1). During the 20th century, the annual maximum water levels of the three gauging stations demonstrate a steady upward trend until the early 2000s, when a decreasing trend in the annual maximum water level seems to have established, especially in the Wusong and Huangpu Park stations. The Standard of Protection (SOP) for the floodwalls (1 in 1000-and 1 in 50-year for urban and rural areas respectively) along the Huangpu River is based on statistical analysis carried out in 1984. In this study, we undertook frequency analysis using the widely used Pearson-III approach to re-evaluate the current level of protection with the additional observation data post-1984. Continuous annual maximum water level series with local benchmark correction from 1949 to 2009 were obtained, providing a good representation of the peak flow characteristics in the Huangpu River. Although Pearson-III distribution is one of the most frequently used distributions in flood probability analysis, it should be borne in mind that flood probability, especially for high return periods, could be highly uncertain, thus difficult to predict accurately, especially with limited length of data available. Table 1 lists the tidal levels for various return periods in the three gauging stations (Fig. 1) on the Huangpu River for 1984, present days, 2030s and 2050s. Taking the 1 in 100 and 1 in 1000 year flood event for example, considerable increases from 1984 to present days are noted in all the gauging stations for both return periods due largely to the steady increase in the annual maximum water level pre-2000. The absolute increases become proportionately higher for the upstream stations. Whilst the increases of the downstream Wusong station are 31.9 cm and 23.8 cm respectively for the 1 in 1000 and 1 in 100 year event, these for the upstream Mishidu station scale up to 68 cm and 52.7 cm. This essentially translates into significant degradation of the protection standard. For example, the effective SOP for the Huangpu Park calculated with the post-1984 data has become 1 in 200-year respectively, a significant degradation over the original design standard. Frequency curves derived with the post-2009 data for the three stations are shown in the Supplementary Online Resource 2.
Projections of sea level rise
Sea level change reflects a complex and dynamic interaction between local, regional and global contributions from both land and ocean processes (Cooper et al. 2008 ). There are significant local or regional differences in sea level change because of changes in ocean circulation and atmospheric pressure . Chinese State Oceanic Administration found that Shanghai's sea level is rising the fastest in China. During the last 30 years, the sea level in Shanghai has risen 115 mm, at a mean linear rate of 3.8 mm/year, which was higher than the global and national average rate (China Sea Level Bulletin 2007; Yin et al. 2011) . China Sea Level Bulletin (2010) also projects a 91-143 mm rise in Shanghai mean sea level by 2040. However, the national estimates of sea level rise are considered highly uncertain due to lack of comprehensive analysis of local factors and will not be used in this analysis. Instead, a more localized prediction undertaken by Li et al. (1998) , which is often regarded as the most systematic study of sea level rise in Shanghai , was adopted.
Based on the annual averaging and local land benchmark correction of long term tide records from seven tide gauging stations in the Shanghai area, the future trend of mean estuary sea level rise (MESLR) has been fitted and predicted by Li et al. (1998) using a statistical stacking model, stepwise multiple regression, and period analysis. The MESLR rate is 2 mm/year during 1991-2010, which is consistent with the 2.1 mm/year recorded by the Topex/Poseidon monitoring data (Huang et al. 1996) , 2.5 mm/year during 2011-2030, and 5 mm/year during 2031-2050, respectively. Based on Li et al.'s (1998) estimates, the MESLR from 2011 will be 50 mm by 2030 which is similar to IPCC's SLR prediction during the same period, and 150 mm by 2050 which is slightly higher than Rahmstorf's (2007) semi-empirical estimate. However, an important limitation of Li et al.'s (1998) estimates is that great uncertainties are introduced by simple statistical analysis from short/poor data record, particularly for long-term predictions. And future emission scenarios and climate responses have not been incorporated into their estimates.
Projections of land subsidence
Land subsidence in Shanghai is mainly caused by tectonic subsidence and compaction of sediments due to natural conditions and human activities. The crust of Shanghai has experienced gradual subsidence since the Pliocene. Based on the analysis of long term monitoring data of very long baseline interferometer (VLBI) in the Sheshan bedrock, the average rate of tectonic subsidence is estimated to have been nearly 1 mm/year in Shanghai (Qian 1996) . Since tectonic movement is relatively stable, it is assumed the rate of tectonic subsidence in Shanghai remain constant.
Compaction subsidence has a long history in Shanghai. It is one of the first few cities in China to suffer from serious land subsidence, with an average rate of 22.94 mm/year from 1921 to 2007 (Gong and Yang 2008) . According to the monitoring data, compaction subsidence of Shanghai can be divided into three stages as: (i) However, due to the uncertainties in future anthropogenic activities, there could be large variations in the projection. In addition, the estimation of land subsidence rate does not consider its spatial distribution. This could also contribute to the errors of the final projections.
3.4 Combined effect of sea level rise, land subsidence, and storm tides
The coupled effect of both eustatic sea level rise and land subsidence is referred to as relative sea level rise (RSLR), calculated using an algebraic summation of the eustatic sea level rise and land subsidence. It can be inferred from Sections 3.2 and 3.3 that the relative contribution to RSLR by land subsidence is more pronounced compared to the mean seal level rise prediction. Land subsidence makes up between 60 % and 70 % of the RSLR and eustatic sea level rise makes up the remaining 30 % to 40 %. The predicted RSLR will be 170 mm by 2030 and 390 mm by 2050. In turn, RSLR will affect storm tides by changing the variability in storm tides. This study focused on the impacts of storm tide on fluvial flooding exerted only through RSLR and factors such as defence breach, and the projection of climatic variables (e.g. precipitation and storminess) were not considered. This, in combination with the frequency analysis, enabled a number of return period scenarios (20, 50, 100, 200, 500, and 1000 years) to be formulated for the 2030 and 2050 and the results are shown in Table 1 . This provides the flow boundary conditions based on which inundation modeling was carried out. It should be noted that the simple method used herein does not consider the complexity of the interaction between individual processes. Furthermore, uncertainties in Sections 3.1, 3.2 and 3.3 are likely to lead to amplification of the uncertainty in the final estimates (IPCC 2007a, b; Ranger et al. 2011) . Table 1 also demonstrates that by 2030 and 2050, the magnitude of storm tides could increase significantly at all return periods. The increase is particularly strong for the longer return period (less frequent) events. In Wusong and Huangpu Park, the current 1000-year storm tide could become a~500-year and~200-year event by 2030 and 2050 respectively. In Mishidu, the current 1000-year flood will be exceeded three to four times more frequently after a 170 mm rise in relative sea level and approximately 10 to 20 times more frequently after a 390 mm rise. Moreover, the 20-year tidal event by 2030 and 10-year flood by 2050 will exceed the design water level of floodwall (4.3 m) and lead to overtopping at the Mishidu station.
Inundation modelling
Given the combined impacts of the three phenomena, an increase in the frequency and intensity of extreme water level would be translated into an increase in flood hazard. An established diffusion-based flood inundation model (FloodMap, Yu 2005; Yu and Lane 2006a, b, 2011) , which coupled a 1D river flow model and a 2D floodplain flow model, was employed to simulate the flood process and extract flood potential maps. It has been applied in a number of different environments (Casas et al. 2010; Yu and Lane 2011) , with improved efficiency through sub-grid treatment (Yu and Lane 2006b ) and parallelization (Yu 2010) . The model used here required three types of data: 1D river cross-sectional geometry, 2D floodplain topography, boundary & initial conditions. Assuming a uniform rectangular cross-section shape, river channel was divided into 175 cross-sections on the basis of isobathymetric lines (1 m intervals) of the Huangpu River. In terms of the floodplain topography, 0.5 m interval contour lines were provided by the Shanghai Survey Bureau. This was produced with elevations comprising 1456686 sampling points with an average distance of 5 m and higher density in urban areas. The vertical accuracy of the point clouds is 0.1 m. The topographic contours (0.5 m intervals) were interpolated to generate a DEM with a grid cell resolution of 50 m. The locations of flood defences (erected walls along the Huangpu River as shown in Wu et al. 2012 ) with various design heights along the Huangpu River are available and these were overlain onto the DEM by raising the elevations of the overlapping cells to the design heights of the corresponding flood defences that intersect with them. It should be noted that the standard of protection provided by a flood defence depends on a number of factors, including among others, loading intensity and defence type, age and built quality. Others have used a fragility curve to relate the probability of failure to the intensity of loading (Sayers et al. 2002) . Ideally, for risk assessment purposes, simulations could also consider the complete or partial failure of the flood defences (worst-case scenarios). We undertook a simulation with the absence of flood defences for the calibration flood only and an animation of this simulation is presented as supplementary Online Resource 4. However, in the scenarios constructed, we assumed that the flood defences fully function during the design flood events and no breaches or failures occur. Flood scenarios were formulated based on the methodology described in Section 3. Stage hydrographs at the Mishidu and Wusong gauging stations were generated for the tidal events with different return periods (20, 50, 100, 200, 500, and 1000 years) for the 2030 and 2050. The shape of the flow hydrographs at the boundary gauging stations for various return period was derived based on a major flood event occurred in August 1997 where hourly flow boundary conditions are available for the duration of the event. Due to the semidiurnal nature of the tidal river and its regular timing of the peak stage, the shape of the hydrograph was not considered in this study. To reduce the computational costs of the simulation, the design flood scenarios are represented with half-day (12 h) tidal hydrographs, which include a rising phase shortly before any inundation could occur and a falling limb when flood recedes. The stage hydrographs at the Mishidu and Wusong stations for different return periods are shown in Fig. 2 . Model calibration and sensitivity analysis were undertaken and these are presented in the Supplementary Online Resource 3.
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Potential impact of RSLR on Huangpu River flooding
The calibrated model was then used to predict the potential inundation under different RSLR scenarios. Results are time series of inundation depth and extent on the floodplain for each scenario. One example is illustrated in Fig. 3 , which shows the time series of inundation (depth and extent) for the 100-year flood and 1000-year flood events under the RSLR scenario for 2030 and 2050. Similar inundation dynamics are observed for all the simulations, albeit with different magnitude corresponding to different return period. Generally, flooding firstly occurred in the vicinity of the downstream Wusong and/or upstream Mishidu station at the first and/or second hour of simulations. Maximum inundation depths were reached in all simulations at approximately the 5th hour, decreasing afterwards as the river stage recedes. Inundation area continues to increase throughout the simulations, even during the receding limb of the hydrograph, largely due to the mild relief and flat topography of the study area. The inundation extents and depths increase with the increase of return period. In all case, the impact of RSLR is more pronounced along the upstream stretch of the river, largely due to the northeast to southwest sloping of the floodplain topography and the increasing protection standard of the flood walls from upstream to downstream. With the increase of return period, inundation progressively extends towards the mid-and downstream.
Time series of inundation extents were then processed in GIS to derive the spatial distribution of the maximum inundation extent and depth for each simulation (Fig. 4) . For 2030, as expected, the protection standard of the floodwall along the Huangpu River will effectively degrade. Compared with the present situation, with a 170 mm rise of relative sea level, the floodwall between the upstream Mishidu and midstream Huangpu Park stations will be overtopped by the 20-and 50-year floods. Majority (74.23 % of the total length) of the floodwalls in the study area will be subject to overtopping in the 100-year flood scenario. And the 200-, 500-and 1000-year floods will inundate both banks of the entire Huangpu River, with the deepest inundation depth reaching more than 3 m. Inundation is restricted to within 2 km of the river channel for all simulations because the amount of water overtopping through floodwall is limited. And the flood depth declines very quickly overland with distance increase of intrusion inland due to strong resistance by land surface. The effectiveness of floodwalls will decrease further; increased surge, on the other hand, will produce longer intrusion length and larger flooded area in 2050 scenarios. With a 390 mm rise in the relative sea level predicted for 2050, floodwalls between the upstream and midstream will be overtopped by a 20-year flood. A 50-year flood by 2050 will result in the same length of floodwall being overtopped as a 100-year flood by 2030. In addition to the 200-, 500-and 1000-year floods, the 100-year flood will also inundate both banks of the entire Huangpu River by 2050. Compared to the 2030 scenarios, an approximately 0.2 km increase of the inundation radius from the banks is expected.
The total inundated area and maximum inundation depth for each simulation are summarized in Table 2 . The results clearly demonstrate that, the projected impact of RSRL, although many orders of magnitude smaller than storm tide on their own, could be substantial as it is an incremental factor and its magnitude gets amplified with each addition to the storm tide. Compared with the present flood analysis which was presented in Yin (2011) and Yin et al. (2012) , for major flood events (higher than 20-year), the increases of total inundation area are between 6.34 (or 5.70 %) 
Conclusions and further studies
This paper provides a simplified methodology to quantitatively characterize the combined impacts of sea level rise and land subsidence on storm flooding of the Huangpu River in Shanghai using a numerical model (FloodMap) and within a GIS framework. The results show that the increase in water level associated with a particular flood return period can be significant when the relative sea level rise is taken into account. Overall, the relative sea level rise in Shanghai is expected to be approximately 0.17 m and 0.39 m by 2030 and 2050, respectively. Land subsidence accounts for around 60 % to 70 % of RSLR for this area. Using a 2D diffusion-based flood inundation, we found that, if future RSLR projections are realized, storm induced flooding will cause more widespread inundation, particularly in the low-lying and poorly-protected regions like the upstream stretch. With current floodwalls in place, inundation would mainly only occur within 2-3 km of the river banks, the damage would still be substantial because these are densely populated and economically active regions. Although it is essential that the protection standard of flood defences is maintained at a certain level, there is always a question as to how well engineering measures can protect the city in a sustainable way. It is therefore important to incorporate mitigation measures in flood risk management. The analysis presented in this study has a number of aspects that could to be improved in order to arrive at more robust conclusions. Firstly, the prediction of RSLR can be highly uncertain due to the uncertainties in the greenhouse gases emission, climate change predictions, ocean and ice sensitivity to climate, and the changes of the storm characteristics. This study assumed these factors remain constant. The projections of these factors could help to evaluate a wider range of potential scenarios and associated impacts. Secondly, the current study did not consider the projected storminess due to climate change. IPCC predicts that it is likely that the frequency of tropic cyclones will decrease or remain unchanged up to 2100 compared to the 21st century (IPCC 2012) . However, the maximum tidal level is more related to the maximum wind speed which is likely to increase till 2100 (IPCC 2012) . Future study could be directed to incorporate the impact of storm climatology change on surge flooding by coupling general circulation models (GCMs) driven hurricane model with hydrodynamic models with synthetic storm events of various probability distribution (e.g. Lin et al. 2012) . Thirdly, we excluded in our analysis the influence of the upstream catchment hydrology and surface water runoff on the peak & shape of the hydrograph. These factors are likely to vary under climate change scenarios. Including such factors would give a fuller picture of the future risks. Fourthly, as we only considered the overtopping of floodwall in the modelling, including the defence breaching mechanism (e.g. the fragility curve in Sayers et al. 2002) would be a significant improvement in the future work (Mokrech et al. 2008) . Finally, given the uncertainties in climate change and social economic change, a single projection of sea level rise and land subsidence, as used here, is not by itself adequate to inform robust adaptation decisions. Further research could consider multiple projections of RSLR. In terms of informing flood risk management, this study has focused on deriving the physical characteristics of the projected flooding scenarios. Building upon this, the social-economic impacts could be investigated with the consideration of exposure and vulnerability. Future studies in this aspect could be coupled with the projection of social-economic factors such as demographics and land-use. However, a huge amount of data would be required in such an analysis, especially in terms of the specification of future vulnerability of various types of features. The approach presented here provides a flexible and feasible framework for modelling the impact of climate change on fluvial flooding in coastal megacities. Taking into account the above limitations and adjusted according to local variability, this approach could be adopted for applications in different tidal river environments.
